We present a simple modelling method to estimate the volume of available groundwater in the freshwater lens of atoll islands under steady-state conditions. Model inputs include annual rainfall depth, island width for cross-sections along the length of the island, aquifer hydraulic conductivity, and depth to the contact between the upper sand aquifer and the lower limestone aquifer. The methodology is tested for nine islands of varying size in the Maldives and Micronesia. Sensitivity analysis indicates that lens volume on large islands typically is governed by the depth to the discontinuity, whereas lens volume for smaller islands is governed by rainfall rate and hydraulic conductivity. Volume curves, which relate lens volume to lens thickness, are developed for each of the nine islands and for three generic island shapes to allow rapid estimation of lens volume given field-estimated lens thickness. The methods presented in this study can be used for any small atoll island.
Introduction
Water resources of atoll islands are extremely vulnerable due to drought (Lloyd et al. 1980 , Presley 2005 , White et al. 2007 , natural disasters such as typhoons and tsunamis (Kench et al. 2006, Terry and , geographical isolation from other islands, extreme low topography, a thin (2-3 m) vadose zone, over-extraction of groundwater, and land surface pollution (Mimura et al. 2007 , White et al. 2007 , White and Falkland 2010 . Sea level rise is often cited as a considerable threat to atoll islands (Roy and Connell 1991 , Nurse et al. 1998 , Barnett and Adger 2003 , Woodroffe 2008 , with several studies suggesting that atoll islands may be uninhabitable within several decades (Dickinson 2009 , Storlazzi et al. 2015 . However, a study of 127 islands on six atolls in the Republic of the Marshall Islands found that more shoreline accreted than eroded from 1945 to 2010 (Ford and Kench 2015) , with growth of the island as sea level rises.
Atolls are ring-shaped coral reefs that encircle partially or completely a shallow lagoon, with coral sand islands along the reef. Residents of the approximately 425 atolls worldwide (Bryan 1953) rely principally on rooftop rainwater catchments to supply freshwater needs (Stephenson 1984 , Detay et al. 1989 , Taboroši and Martin 2011 , supplemented by fresh groundwater that resides in the shallow sand aquifer and floats atop the underlying seawater in the shape of a lens. This freshwater lens forms as rainfall infiltrates the ground surface and recharges the aquifer. During times of drought, groundwater often is the sole source of freshwater for island communities, and hence the need to know the amount of available fresh groundwater under various rainfall conditions for island community water resources planning and management.
Several studies have demonstrated methods for estimating the volume of fresh groundwater for small coral islands. Anthony (1996a Anthony ( , 1996b Anthony ( , 1996c ) used a network of observation wells and electromagnetic profiling over several years to estimate the volume of fresh groundwater for Ngatik Island (Anthony 1996a : 1928 , Kahlap Island (Anthony 1996b: 81 ML) and Pingelap Island (Anthony 1996c : 1455 , all located in Pohnpei State, Federated States of Micronesia. For the sake of comparison, the ratio of lens volume (ML) to island surface area (km 2 ) for these three islands is approximately 2300, 135 and 1250, respectively, demonstrating the significant difference in atoll island fresh groundwater due to geology and location of the island in reference to the prevailing winds (Anthony 1997 , Spennemann 2006 . A similar approach was used for six islands in the Republic of Maldives (Falkland 2001 , BC 2010a , 2010b , 2010c , 2010d , with volumes ranging from 61 to 14 200 ML. Two recent studies have used the numerical density-dependent groundwater flow and transport model SEAWAT (Langevin et al. 2007) to simulate freshwater lens dynamics in three dimensions. Comte et al. (2014) used SEAWAT to assess fresh groundwater availability for Grande Glorieuse Island, western Indian Ocean (surface area: 5 km 2 ) under various climate change scenarios. Wallace and Bailey (2017) used SEAWAT to determine the controlling hydrological and geological factors on freshwater lens volume for eight islands in the Federated States of Micronesia, concluding that aquifer hydraulic conductivity and recharge rate are most influential in governing lens volume. Studies employing numerical models, however, can be exceedingly time consuming, and often can only be understood and run by those involved directly in the project. There is a need for a simple method to estimate lens volume that can, first, provide estimates of lens volume rapidly yet accurately; and second, be employed more broadly by island water resources managers. This paper has two main objectives: first, to demonstrate a simple, tested modelling method to quantify the volume of extractable fresh groundwater in the aquifer of atoll islands under steady-state conditions; and second, to use this modelling method to establish "volume curves" for specific islands and for islands of generic surface area geometry. The methodology is presented, followed by application and testing for nine atoll islands in both the western Indian Ocean (Republic of Maldives) and the western Pacific Ocean (Federated States of Micronesia). An uncertainty analysis of model input parameters also is presented and discussed. This paper also seeks to establish the generality of the method by application to islands in two separate geographical regions. For the second objective, the model is used to establish relationships between lens thickness and lens volume, with the resulting volume curve to be used to determine available volume of fresh groundwater if the lens thickness is measured, analogous to a stage-discharge rating curve for surface water hydrology. Lens thickness can be measured using drilling methods or geophysical methods such as electromagnetic profiling.
2 Methodology: estimating freshwater lens volume for an atoll island
In this section we outline the procedure used to estimate the volume of an atoll island's freshwater lens using the atoll island lens thickness algebraic model (Bailey et al. 2010) . Model assumptions and limitations will also be discussed. The method has been used previously (Bailey et al. 2014) , but details sufficient to reproduce results were not provided and parameter uncertainty was not investigated.
Algebraic model for freshwater lens thickness
A conceptual model of a hydrogeological cross-section of a typical atoll island is presented in Figure 1(a) , showing the upper Holocene-age (~11 700 years BP) sand aquifer, which typically is 15-25 m thick (Wheatcraft and Buddemeier 1981) ; the lower Pleistocene-age (~2.58 M years BP to 11 700 years BP) limestone aquifer, a remnant of glacio-eustatic lowering of sea level and resulting karstification (Dickinson 2004) ; the reef flat plate, a semi-permeable reef rock that is present on many atoll islands (Ayers and Vacher 1986) ; and recharge to the water table. The limestone aquifer is 1-2 times more conductive than the sand aquifer, leading to rapid mixing of any freshwater within the limestone aquifer with seawater (Hunt 1997) . The contact between the sand and limestone aquifers often is referred to as the "Thurber Discontinuity" (Vacher 1997 ).
The algebraic model for atoll island groundwater resources was first presented by Bailey et al. (2010) to provide a method to estimate the maximum thickness of the freshwater lens for an atoll island given basic island hydrogeological information such as island width, depth to the Thurber Discontinuity, and Holocene aquifer hydraulic conductivity. The algebraic model is based on results from a suite of two-dimensional (2D) vertical cross-section modelling simulations (Bailey et al. 2009 ) using the groundwater flow and solute transport model SUTRA (Saturated Unsaturated Transport) (Voss and Provost 2003) , which accounts for density-dependent flow within the aquifer system and hence is ideal for groundwater systems with freshwater-seawater interaction and lens development. The modelling simulations varied recharge rates (1.25-2.75 m/year), hydraulic conductivity of the Holocene aquifer K Hol (25-500 m/d), depth to the Thurber Discontinuity Z TD (8-18 m) corresponding to field records and initial comparison between model results and observed lens thickness. The presence of the semi-confining reef plate was also included (Bailey et al. 2009 ) and assigned a low K value of 0.05 m/d (Ayers and Vacher 1986) . Trend lines were fitted to the relationship between these parameters and the resulting maximum thickness of the freshwater lens Z MAX (m) along the cross-section for each model simulation, with the base of the freshwater lens defined as the line of 500 mg/L chloride (Lloyd et al. 1980) . Models of varying island width (150-1100 m) were also included to determine the influence of island width on lens development, with the range determined by existing atoll islands in the Pacific and Indian Oceans.
The exponential trend line defining the relationship between recharge rate and Z MAX is used as the basis of the algebraic model, with factors included for K Hol and the influence of the reef flat plate:
where R is the annual average depth of rainfall (m) on the island, assumed to be uniform in space; b (-) incorporates the effect of island width; S and C are factors for K Hol and the reef flat plate, with the Holocene aquifer assumed to be homogeneous and isotropic; and Z Lim is the upper limit of Z MAX given the width of the island and Z TD :
where y o and d are constants (−16.07 and 0.0075, respectively), and w is the width of the island (m).
Values of b and C as a function of island width and of S as a function of both island width and K Hol are presented in Bailey et al. (2010) . The algebraic model captures the relationship between Z MAX and island parameters, i.e. the lens thickness is positively correlated to recharge, island width, Z TD , and the presence of the reef flat plate, and negatively correlated to K Hol , i.e. highly conductive aquifers have a thin freshwater lens (<10 m). The model has been tested successfully against observed lens thicknesses for islands in the Federated States of Micronesia (FSM) (Bailey et al. 2013) , the Republic of Maldives (Bailey et al. 2014) , and the Republic of the Marshall Islands (Barkey and Bailey 2017) . For application to the FSM, islands located on the leeward side of atolls, which receive relative protection from highenergy waves, were assigned a K Hol value of 50 m/d, whereas windward island aquifers are composed of much coarser sediment and were assigned a value of 400 m/d. These values were found from comparison of numerical modelling results with observed lens thickness (Bailey et al. 2009 ). The same procedure was used for the Marshall Islands, since their geographical location is similar to that of the FSM. For the Republic of Maldives, located in the Indian Ocean, each island was assigned a K Hol value of 200 m/d, based on comparisons between algebraic model results and observed lens thickness.
Estimating freshwater lens volume of an atoll island
The volume of extractable groundwater for an atoll island freshwater lens V lens (m 3 ) is calculated by estimating the area of the freshwater lens for a set of cross-sections along the length of the island, and then summing the volume of the lens between cross-sections using trapezoidal geometry:
where nx is the number of cross-sections used to delineate the island surface area geometry; L is the perpendicular distance (m) between the cross-sections;
S y is the specific yield of the Holocene aquifer, used to determine total extractable groundwater; and A is the bulk cross-section area (m 2 ) of the freshwater lens for a given cross-section, calculated as:
where np is the number of points that defines a given island cross-section, z is the thickness of the freshwater lens at a given point along the cross-section, and w is the distance between points where z is measured. The lens thickness z at each point is estimated using the freshwater lens algebraic model of Equation (1) multiplied by a factor that accounts for the shape of the lens along the cross-section. A total of 20 points are used to delineate the shape of the lens for each cross-section. The terms in Equations (3) and (4) are shown within the island geological setting in Figure 1 for Mogmog Island, an atoll island on Ulithi Atoll (Fig. 1(c) ), located in Yap State of the FSM. The cross-sections used to delineate the island surface geometry are shown on Figure 1 (d), with each crosssection separated by a distance L i (see Equation (3)). The delineation of the freshwater lens area A for each cross-section is shown in Figure 1 (a), with each point separated by a distance w i (see Equation (4)). The cross-sections in Figure 1 (d) are numbered, with a total of nine cross-sections used to delineate the island surface. The complete set of calculations to estimate V lens is contained in Table 1 . The input parameter values to the algebraic model (width w, b, K Hol , C) are provided, and Z lim and Z MAX are calculated for each cross-section. The surface area (m 2 ) between each cross-section is calculated, followed by the lens area A and V lens between each cross-section. The total surface area is 0.21 km 2 , and the estimated V lens is 107 100 m 3 , or 107 ML. There is no observed V lens for Mogmog for comparison. Testing of the method is described in Sections 3.1 and 3.2.
Model assumptions and limitations
The algebraic model assumes a homogeneous, isotropic aquifer along an island cross-section. If spatial variation of K Hol along the length of an island is known, a different value can be assigned to each cross-section. The model assumes groundwater flow patterns under steady-state conditions. Therefore, the volume estimator defined by Equations (1)- (4) can be used to provide average lens volume over an extended period of time where the recharge rate is assumed to be steady. However, as changes in groundwater head and flow patterns often have a significant lag time in regards to changes in rainfall patterns, accurate estimates of lens thickness and lens volume likely can still be obtained by using an average annual rainfall rate corresponding to a time period of one to several years. Also, the algebraic model does not account for groundwater pumping at point locations on the island. To incorporate the general effect of pumping, estimated volumes of annual pumped groundwater could be converted to a depth by dividing by the island surface area, and then subtracted from the rainfall depth R in Equation (1).
Application to atoll islands
The lens volume estimator defined by Equations (1)-(4) is now applied to a set of islands in both the western Indian Ocean and the western Pacific Ocean to demonstrate its applicability and usefulness. Uncertainty in model input parameters is assessed, and volume curves, i.e. the relationship between Z MAX and V lens , developed for the study islands and also generic atoll island shapes.
Study islands
The nine islands investigated in this study are shown in Figure 2 . Three islands (Pingelap, Kahlap, Ngatik) are located in the FSM, and six islands (Thinadhoo, Gan, Holhudhoo, Kulhudhuffushi, Dhidhdhoo, Velidhoo) Fig. 1(d) for aerial view of island). are located in the Maldives. Characteristics (population, surface area, annual rainfall, K Hol , and measured lens thickness and lens volume) for each of the nine islands are listed in Table 2 . The value of V lens for the FSM islands was estimated from 1988-1990 data, using a combination of shallow wells and surface geophysical surveys (Anthony 1996a (Anthony , 1996b (Anthony , 1996c . For example, on Kahlap a network of 31 wells was installed in July 1988, with electromagnetic (EM) profiling performed in August 1989 to interpolate freshwater lens thickness between the clusters of observation wells (Anthony 1996b) . The lens thickness interpreted from the profiling was tested against chloride concentration data from the wells. The resulting estimated V lens for Kahlap is 81 ML (see Table 2 ). The same procedure was conducted for Pingelap and Ngatik, using 25 and 37 wells, respectively, and a resulting V lens of 1455 and 1928 ML, respectively. A similar procedure was performed to Table 1 . estimate V lens for the six islands in the Maldives, with relationships established between groundwater salinity data and EM results near boreholes used to interpret island-wide EM results.
Estimating lens volume for each island
For each island, V lens was estimated by: (i) delineating each island surface area with cross-sections; (ii) estimating A for each cross-section using the algebraic model and Equation (4); and (iii) summing up the lens volume between cross-sections using Equation 3. Parameters for the algebraic model are based on the data (annual rainfall, K Hol ) presented in Table 1 , and using the width w of each cross-section. Values of K Hol used in this study are based on previous studies (see footnotes in Table 1) , with no further model calibration performed, i.e. K Hol was not modified for any of the islands to provide a better match between observed and simulated V lens . For each island, the number of crosssections used to calculate V lens was increased from 2, to 3, and so on until 10, to establish a relationship between the number of cross-sections used and the calculated V lens and to determine the required number of cross-sections to adequately calculate V lens . These results for each island then are compared with the observed value (ML) shown in Table 2 .
Uncertainty of parameters
As the input parameters into the algebraic model are not known with certainty, a Monte Carlo simulation was used to account for uncertainty, thereby provide a plausible range of V lens for each island. An ensemble of 2000 simulations was run for each island, with values of R, K Hol and Z TD varied according to a coefficient of variation (CV) of 0.05, 0.1 and 0.075, respectively, to achieve a Gaussian perturbation. These same values were used in an assessment of lens thickness for islands in the FSM (Bailey et al. 2013) and were selected to provide appropriate ranges as observed in field measurements (R) and in atoll island drilling (K Hol and Z TD ). For example, for Pingelap these CV values resulted in R, K Hol and Z TD in the ranges 3.3-4.8 m/ year, 34.5-67.4 m/d and 11-19.4 m, respectively, with ranges for R corresponding to those observed in annual weather records (Lander and Khosrowpanah 2004) and those for Z TD corresponding to the approximate range of Z TD observed for atoll islands (Wheatcraft and Buddemeier 1981 , Hamlin and Anthony 1987 , Dickinson 2004 . Simulation results for each island not only provide a plausible range of V lens , but also yield relationships between each input parameter and V lens , which can be used to determine which parameter should be known with certainty to provide an accurate value of V lens .
Development of volume curves
The volume estimator described by Equations (1)- (4) also can be used to develop volume curves. Analogous to a stage-discharge rating curve, which establishes a relationship between river stage and river discharge via field data so that river discharge can be estimated from continuous measurements of river stage, a volume curve establishes a relationship between the maximum lens thickness in an island aquifer and the associated lens volume, so that lens volume can be estimated from measurements of lens thickness. The latter is much easier and less costly to determine in the field than lens volume.
The volume curve for each of the nine study islands is constructed by calculating V lens through a range of possible rainfall rates (0-6 m/year), with the maximum lens thickness on the island for each rainfall rate plotted against resulting V lens . This study also performs the methodology for atoll islands of typical shapes (crescent, strip and circular) to investigate and establish relationships for generic coral islands.
Results and discussion

Estimated lens volumes
The results of calculating V lens for each of the nine study islands are shown in Figure 3 . For each island, V lens is plotted against the number of cross-sections used to calculate V lens , with the dotted line on each plot indicating the observed lens volume (see Table 2 ). For example, using only two cross-sections for Pingelap Island produces a lens volume of 715 ML, whereas using 10 cross-sections yields a volume of 1504 ML (Fig. 3(a) ), which has a 3.4% difference from the observed value of 1455 ML. The (red) circle in Figure 3 (a) signifies the number of cross-sections that likely would be used to estimate V lens if the observed value were not available, i.e. increasing the number of cross-sections used in the procedure does not yield a significant difference in V lens . For Pingelap, the number of cross-sections is six, which yields V lens of 1437 ML, a 1% difference from the observed value. The same procedure is performed for each island, with between five and 10 cross-sections used for each island. Thinadhoo uses the least (five) cross-sections, due to its near-rectangular shape (see Fig. 2 ), and hence fewer sections are needed to define the island surface geometry.
A plot of simulated vs observed V lens for the nine islands is shown in Figure 4 , resulting in an R 2 value of 0.993. In general, results demonstrate that the method yields excellent results in regards to replicating the field-estimated volume of the freshwater lens. Again, we note that parameter values (e.g. K Hol ) are not adjusted in this process to match simulated volumes with observed volumes. The islands with the largest difference between simulated and observed values are Ngatik (Fig. 3(c) ), Gan (Fig. 3(e) ) and Kulhudhuffushi (Fig. 3(h) ). In the case of Ngatik, the underestimation of V lens is due to the use of 15 m for Z TD , similar to all other islands, even though the observed depth of the Holocene-Pleistocene contact actually is 20 m (Anthony 1996c) . Using Z TD = 20 m would yield a value close to the observed value, but the modelling method applied in this study is used as if this parameter were not known, since it is not available for the majority of islands to which the method can be applied. If 15 m is used as the average depth to the contact for atoll islands, then a conservative value of V lens will be obtained.
Uncertainty analysis and governing characteristics
Results of the Monte Carlo analysis are shown in Figure 5 for Kahlap, Pingelap, Thinadhoo and Holhudhoo islands. These were chosen for detailed analysis due to geographical location (Kahlap and Pingelap in the FSM, Thinadhoo and Holhudhoo in the Maldives), size (Pingelap and Thinadhoo are "large", i.e. >0.90 km 2 ; Kahlap and Holhudhoo are "small", i.e. <0.6 km 2 ) and location on the atoll (Kahlap is a windward island; Pingelap is a leeward island). The first row of figures shows the ensemble of lens volume V lens for each island, with the observed value shown with a thick red line. For Kahlap, the Table 1 ) also is shown, demonstrating the higher model accuracy with additional cross-sections used in the analysis. The circled lens volume values correspond to the number of cross-sections that likely would be used to estimate lens volume if the observed lens volume were not available. These values are used in model testing (see Fig. 4 ). Table 1. values have a mean μ and standard deviation σ 2 of 84 ML and 6.3 ML, respectively (range: 66-114 ML). For each island, the average of the ensemble is close to the observed value of V lens .
The estimated lens volume for each realization also is plotted against annual rainfall (second row), K Hol (third row) and Z TD (fourth row), to investigate the influence of each island parameter on V lens . As seen from these figures for Kahlap, K Hol has a strong influence on V lens (R 2 = 0.737), with higher K Hol resulting in less fresh groundwater, whereas Z TD has no influence (R 2 = 0.000), and annual rainfall a marginal influence (R 2 = 0.234). V lens for Pingelap and Thindahoo (large islands) is governed principally by Z TD , whereas Holhudhoo is governed moderately by annual rainfall but not at all by K Hol or Z TD .
These results provide insights into the geo-environmental controls on freshwater lens volume for atoll islands of various sizes and locations, and thereby indicate which parameters should be measured more carefully in the field when attempting to estimate V lens .
Small windward atoll islands are governed mostly by the hydraulic conductivity of the Holocene-age sand aquifer, and thus determining the value of this parameter should be given highest priority in any field work. For large atoll island, the depth to the contact between the Holocene and Pleistocene aquifers is the controlling factor for the volume of fresh groundwater. Although this geological feature is difficult and costly to quantify in the field, a value of 15 m can be used as a conservative estimate. Small islands such as Holhudhoo are governed principally by the depth of annual rainfall received on the island.
4.3 Volume curves: estimating V lens using lens thickness measurements Generated volume curves for Pingelap, Kahlap, Thinadhoo and Holhudhoo islands are shown in Figure 6 . Each curve represents V lens (ML) as a function of z (m), the maximum thickness of the freshwater Figure 5 . Results of the Monte Carlo simulation for Kahlap (column 1), Pingelap (column 2), Thinadhoo (column 3), and Holhudho (column 4), showing the frequency distribution of lens volume (top row), the relation between annual rainfall and lens volume (row 2), the relation between Holocene aquifer hydraulic conductivity and lens volume (row 3), and the relation between the depth to the Thurber Discontinuity and lens volume (row 4). A dotted red box is drawn around the chart that identifies the island parameter that has the strongest influence on lens volume. The red lines on the frequency distribution plots indicate the observed lens volume (see Table 1 ).
lens for the island. These volume curves allow V lens to be estimated using field measurements of z. For Pingelap (Fig. 6(a) ), the curve is V lens ¼ 2:5z 2 þ 65:1z, with R 2 of 0.997. A thin lens (<8 m) and associated low volume V lens (<750 ML) occur during years of low annual rainfall rate (<1.0 m/year). Also shown for each island volume curve is the range of historical annual rainfall rates, represented by a shaded box. For Pingelap (Fig. 6(a) ) and Kahlap (Fig. 6(b) ), the range is 3.0-6.0 m/year using historical daily rainfall rates for 1952-2012. For Thinadhoo (Fig. 6(c) ) and Holhudhoo ( Fig. 6(d) ), the range is 1.6-2.4 m/year using historical daily rainfall rates for 1998-2011. Whereas the shaded boxes indicate the most likely values of z and V lens for each island, future intense droughts may require portions of the curves associated with lower values of z, i.e. thinner lenses.
Equations representing the volume curve for each of the nine study islands are listed in Table 3 . Volume curves for islands of generic shape (crescent, strip, circular) are shown in Figure 7 for several sizes and aquifer type (K Hol = 400 and 50 m/d). For the crescentshaped island, which is similar to Mogmog Island (see Fig. 1(d) ), the island is 650 m west-east and 450 m north-south. The curves for windward and leeward islands are V lens ¼ 0:8z 2 þ 19:4z and V lens ¼ 0:25z 2 þ 20:2z, respectively. The location where the freshwater lens is thickest (i.e. the location of z) is shown by a (red) dot on the small figure of the island in the left column of Figure 7 . The volume curve for the strip island (V lens ¼ 19:84zÞ is the same for both leeward and windward islands, due to the rectangular shape of the island; z occurs along the longitudinal axis of the island. For circular islands, z occurs at the middle of the island. The objective of presenting these curves is not to provide an exhaustive set of curves for all atoll islands, but rather to demonstrate that such curves can be created for any generic island shape using the method presented in this paper.
Summary and conclusions
This paper presents a method to estimate the volume of the freshwater lens of atoll islands. The method is based on an algebraic model that was originally developed to estimate the thickness of the freshwater lens along a cross-section of an island, with the algebraic model now applied to multiple cross-sections along the length of an island to determine the bulk area occupied by the freshwater lens for each cross-section and the total bulk freshwater volume between cross-sections, with this volume multiplied by the specific yield of the aquifer to provide an estimate of extractable fresh groundwater volume. The model input parameters include annual rainfall rate, island width, hydraulic conductivity of the shallow sand aquifer, the depth to the contact between the upper sand aquifer and the lower limestone aquifer, and the presence of a reef flat plate. The methodology can be applied to any small coral island or atoll island that conforms to the basic conceptual model of atoll island hydrogeology.
The method was applied to nine islands in the Federated States of Micronesia and the Republic of Maldives, with islands of surface areas ranging from 0.16 to 5.4 km 2 , with simulated volumes compared with field-estimated lens volumes. Comparisons are very good. Overall, 5-10 cross-sections are required to properly delineate island surface area and estimate the freshwater lens volume, with island coastal curvature requiring more cross-sections. The volume estimator was then applied in a Monte Carlo simulation technique for each island to account for uncertainty in model input parameters and to determine governing factors on lens volume. Results indicate that large islands are governed principally by the depth to the dual aquifer contact, small windward islands (high aquifer hydraulic conductivity) are governed by hydraulic conductivity of the aquifer, and small islands in general are governed moderately by annual rainfall rates.
The results presented herein can assist water resource managers of atoll islands with groundwater management. Development of volume curves for the nine islands and for islands of generic shape (crescent, strip, circular) also provide a means of rapidly determining fresh groundwater volume if the thickness of the freshwater lens is determined through field methods. More importantly, however, the methods presented herein can be applied to any island, given basic characteristics: island surface shape, annual rainfall rate, aquifer hydraulic conductivity, and depth to the dual aquifer contact. Where values for the depth to the contact are not available from geological exploration, a value of 15 m is recommended, as most atoll islands have contacts deeper than this. Hydraulic conductivity values typically range from 50 to 400 m/d. However, this parameter governs lens volume only for small windward islands. These islands typically have thin lenses, and hence groundwater often is not a viable option for island community water supply, no matter the circumstance. Volume curves for three types of generic atoll islands (crescent, strip, circular), with two aquifer types (windward, leeward) for each island type. The volume curve for each island is embedded within the figure, with z being the maximum lens thickness of the island. The location of z is shown on the island diagrams on the left. For strip islands, z occurs along the entire longitudinal axis of the island.
